(9). Nuclear fusion is facilitated by the Sec63p complex and Jem1p; zygotes of kar2, sec63
and jem1 mutants contain closely apposed two haploid nuclei that did not fuse (2, 8, 10) .
As a step toward understanding of the mechanism of the nuclear membrane fusion by BiP with Jem1p, we have screened for proteins that interact with Jem1p using the yeast twohybrid system. The identified protein, Nep98p, is an essential integral membrane protein of the nuclear envelope and is enriched in the spindle pole body (SPB), the sole microtubuleorganizing center of budding yeast and a functional homologue of the centrosome in mammalian cells (11) . The temperature-sensitive (ts) nep98 mutant cells have abnormal SPBs lacking the half bridge and show defects in both mitotic nuclear division and karyogamy, suggesting that Nep98p is essential for the SPB organization and function.
MATERIALS AND METHODS

Strains and Culturing Conditions ---Yeast strains SEY6210 (MATα ura3 leu2 trp1
his3 lys2 suc2) and SEY6211 (MATa ura3 leu2 trp1 his3 ade2 suc2) (12) were used as the parental strains for the mutants constructed in this study. SEY621D was constructed by mating SEY6210 with SEY6211. PJ69-4A (MATα ura3 leu2 trp1 his3 gal4 gal80 GAL2-ADE2 LYS2::GAL1-HIS3 met2::GAL7-lacZ) (13) was used for the yeast two-hybrid assay.
Yeast cells were grown in YPD (1% yeast extract, 2% polypeptone and 2% glucose) or in SD (0.67% yeast nitrogen base without amino acids and 2% glucose) supplemented appropriately as described previously (14) . SCD medium is SD containing 0.5% casamino acids. A sulfate-free synthetic minimal medium was used for metabolic labeling of yeast cells.
Quantitative mating assay was performed as described previously (14) .
Two Hybrid Screening ---A bait plasmid for two-hybrid screening, pNY6, was constructed by cloning a 2.0-kb ScaI/XhoI fragment of pSNJ2 into the SalI and SmaI sites of by guest on http://www.jbc.org/ Downloaded from pGBD-C2 (13 fixation method was carried out as described previously (20) . The sections were examined and photographed on a JEOL2010 and H-7600 transmission electron microscope at 100 kV.
Miscellaneous ---The procedures were described previously for preparation of yeast into the chromosomal NEP98 locus for further analyses. When nep98-7 cells were shifted to the restricted temperature 37°C, the fraction of large-budded cells increased to 67% , while the fraction of small-budded cells decreased to 9% (Table 1A) . This phenotype is 9 characteristic of yeast mutants that have defects in the G2/M progression. We also observed the increase in the cell size of nep98-7 cells both at 23°C and at 37°C (not shown).
RESULTS
Nep98p is a nuclear envelope protein interacting with
Nep98p is essential for nuclear division and normal SPB functions ---
We analyzed the nuclear morphology in large-budded cells by 4', 6-diamidino-2-phenylindole (DAPI) staining. ≈70% of large-budded wild-type cells contained two nuclei and ≈30% contained a dividing nucleus both at 23°C and at 37°C (Table 1B) . In contrast, only 36% of large-budded nep98-7 cells contained two nuclei at 23°C and this fraction decreased to 8% at 37°C. The fraction of large-budded nep98-7 cells containing one nucleus was 43% and 59% at 23°C and 37°C, respectively. Nuclei were frequently observed near the bud neck in these cells, but 17-19 % of the mononucleate cells showed asymmetric nuclear staining (Fig. 3d, arrow) both at 23°C and 37°C. Similar defects in the nuclear division were also observed when Nep98p was overexpressed from the GAL1 promoter (not shown).
We next analyzed the spindle morphology in nep98-7 cells at restrictive temperature. Four hours after a shift from 23°C to 37°C, wild-type and nep98-7 cells were processed for immunofluorescence microscopy using the anti-α-tubulin antibody. In wildtype cells, two nuclei were located on the distal sides of both of the dividing cells, and the spindle microtubules were elongated with their axis parallel to the long axis of the cell (Fig.   3a) . On the other hand in nep98-7 cells, short spindles were observed in mononucleate largebudded cells and their axis was not parallel to the long axis of the cell (Fig. 3c) . We also observed aberrant microtubule organization in nep98-7 cells at 37°C. A significant portion of the nep98-7 cells contained a focus of microtubule staining that was not in a close contact with DNA depicted by DAPI staining (Fig. 3c, arrowhead) . These results indicate that nep98-7 cells have defects in the spindle organization during the nuclear division.
The SPB spans both of the nuclear envelope membranes and is generally composed of three major layers, an outer plaque on the cytoplasmic side, the inner plaque on the nucleoplasmic side and the central plaque. The half bridge is a specialized region of the by guest on September 1, 2017
http://www.jbc.org/ Downloaded from nuclear envelope and is continuous to one side of the SPB. Electron microscopy analyses allowed us to assess the defects in the SPB organization of nep98-7 cells in more detail. The enlarged SPB with the elaborated inner plaque is observed in nep98-7 cells both at 23°C and 37°C ( Fig. 4C-F) . We analyzed the 24 SPBs in nep98-7 cells by serial sectioning and did not find the half bridge in the mutant SPBs, while we observed the half bridge in 16 SPBs out of 25 SPBs in wild-type cells (Fig. 4A) . The SPBs were often observed apparently inside the nucleus in nep98-7 mutant cells (Fig. 4C-F) . The half bridge and the outer plaque function as the sites for cytoplasmic microtubule attachment and the inner plaque for spindle microtubules attachment (11) . The lack of the half bridge and the elaboration of the inner plaque in the nep98-7 SPBs likely affected the balance of pulling forces on the SPB exerted by cytoplasmic and spindle microtubules to increase the inward force, thereby making the SPB collapsed in the nucleus. Fig. 4G shows the electron micrograph of a section of the large-budded nep98-7 cell with a dividing nucleus at 37°C. In contrast to wild-type cells, the SPB is localized around the bud neck in nep98-7 cells, and the serial thin sections show that the axis of the short spindle is formed perpendicular to the long axis of the cell (Fig.4G1-G3 ).
Nucleation of microtubules at both ends of the spindle indicates the presence of the SPB at both ends, suggesting that the defects of the mutant occurred after SPB duplication.
Nep98p has functional domains on both sides of the membrane ---In order to analyze
the functional domain organization in Nep98p, we constructed a series of partial deletion mutants of Nep98p as shown in Fig. 5A . Nep98p takes the N out -C in topology in the nuclear envelope membrane, and immunofluorescence microscopy using the anti-HA tag monoclonal antibody showed all of the deletion mutants are localized to the nuclear envelope as well (not shown). Although the deletion mutant lacking C-terminal 32 residues (∆651-682)
complemented the lethality of the nep98 null mutant both at 23°C and 37°C, deletion of Cterminal 66 residues (∆617-682) or of residues 431-460 (∆431-460) within the Jem1p-11 interacting domain (residues 431-650) abolished the complementing ability of Nep98p (Fig.   5A ). Therefore the Jem1p-ineracting domain is essential for the Nep98p function. In contrast, two putative coiled-coil domains in the lumenal part of Nep98p (residues 241-274 and 374-401) are dispensable for the Nep98p function, as deletion of this segment did not affect the complementing ability of Nep98p.
The cytoplasmic N-terminal part of Nep98p contains a cluster of acidic residues. Cells expressing the deletion mutant lacking these residues (∆65-145) instead of wild-type Nep98p
could grow normally at 23°C, but only slowly at 37°C (Fig. 5A) . Deletion of N-terminal 63 amino acid residues (∆2-64) did not affect the complementing ability of Nep98p. Effects of the deletion of the entire cytoplasmic domain of Nep98p could not be analyzed because it affected the stability of Nep98p significantly. Therefore the N-terminal acidic domain appears to be important for the Nep98p function at elevated temperature.
Nep98p functions in nuclear fusion during mating ---Since Nep98p was isolated as a
Jem1p-interacting protein, we tested whether Nep98p plays a role in nuclear fusion during mating. Wild-type or nep98-7 mutant cells of the opposite mating types were mated at 23°C, and nuclei of zygotes were stained with DAPI. Whereas > 90% of wild-type zygotes contained a single nucleus (Kar + ), 59% of the nep98-7 zygotes contained two or more nuclei that had failed to fuse; 37% has nuclei close to each other (fusion -) and 22% has nuclei in distant positions (congression -) (Fig. 5B) . Zygotes with mutant Nep98p lacking the Nterminal acidic region (∆65-145) showed defects in nuclear fusion; 17 % contained two or more fusion -nuclei and 28% contained congression -nuclei. Zygotes with mutant Nep98p lacking residues 240-430 (∆240-430) showed a slightly affected nuclear fusion; 12 % contained two or more fusion -nuclei. We could not test the effects of deletion covering the entire Jem1p-interacting domain because the Jem1-interacting domain is essential for the 12 normal cell growth. We thus conclude that Nep98p plays a role in both nuclear congression and nuclear membrane fusion steps of karyogamy.
DISCUSSION
In the present study, we have identified Nep98p as a partner protein for Jem1p, a DnaJlike protein of the yeast ER lumen. Nep98p is a nuclear envelope protein that is enriched in the SPB. The ts nep98 mutant strain exhibits defects in the SPB organization and fails to achieve nuclear division at restrictive temperature and nuclear fusion during mating even at permissive temperature. Since the SPB has essential functions in both nuclear division and fusion, Nep98p likely mediates these processes through fabrication of the SPB.
Jem1p facilitates the nuclear membrane fusion during mating (8, 23) , and the present results raise the possibility that Jem1p plays a role in nuclear fusion through regulating the functions of Nep98p. It is to be noted that deletion of the Jem1p-interacting domain of Nep98p is lethal for yeast cell growth, whereas Jem1p is not essential for yeast cell growth.
Besides, the jem1 null mutant does not show defects in nuclear division (not shown). In the nuclear fusion process, two SPBs of haploid nuclei fuse to produce a single SPB of a diploid nucleus. The SPB fusion is observed only during mating, and this process appears to start from the satellite on the half bridge (24) . It is thus likely that Nep98p requires Jem1p and BiP only in the SPB fusion process. Electron microscopy showed that the ∆jem1 zygotes are not defective in the outer nuclear envelope fusion but are defective in the SPB fusion and the inner nuclear envelope fusion (Nishikawa, Hirata and Endo, unpublished results), supporting this hypothesis. Because the half bridge structure is present on both sides of the nuclear envelope, it is possible that Nep98p resides both in the outer and the inner nuclear envelope membranes.
Further analysis on the localization of Nep98p in the nuclear envelope and identification of The nep98-7 mutant showed defects in the nuclear congression in addition to the nuclear fusion in karyogamy. The nuclear congression step is dependent on cytoplasmic microtubules, which nucleate from the outer plaque of the SPB in the vegetative cells (11, 24) . Mating pheromones induce the rearrangement of cytoplasmic microtubules at the SPB, and the half bridge functions as the site for cytoplasmic microtubules organization in mating cells (24, 25 
The abbreviations used are: ER, endoplasmic reticulum; SPB, spindle pole body; ts, temperature-sensitive; HA, influenza virus hemagglutinin; 3HA, three tandem repeats of the HA epitope; DSP, dithio(bis)succinimidyl propionate; GFP, green fluorescent protein; DTT, dithiothreitol; DAPI, 4', 6-diamidino-2-phenylindole; PAGE, polyacrylamide gel electrophoresis.
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